ya.

/—7

» Los Alamos
NATIONAL LABORATORY
————— (37.0%4) ~

LA-UR-21-26050

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Laser Interferometer Space Antenna (LISA) Launch 2034: how LANL can
engage today

Meadors, Grant David

ISR-3 Brownbag Seminar Series

2021-06-28




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher

recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its

technical correctness.



—
1% Los Alamos

Laser Interferometer Space Antenna

(LISA)
Launch 2034: how LANL can engage today

Grant David Meadors [he/him]
ISR-3, LANL

2021 July 01 (JD 2459397)
ISR-3 Brownbag Seminar Series



Preface

LISA:

Laser

Interferometer

Space

Antenna

.. ESA-NASA mission
will launch in 2034!

Artist depiction: one of 3 LISA satellites @ esa
in heliocentric orbit, receiving laser light
to measure distance interferometrically . .. @

— observing gravitational waves (GWSs)
Credit: AEI/MM/exozet, via NASA

LANL in LISA Consortium = like telescopes, GWs reshape astro,,,,
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Outline

Today’s Brownbag:

e Who |l am

e What is a gravitational wave (GW)?
Where LISA fits

Why LISA benefits LANL

e How you can get involved
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Introduction

Who | am — detector characterizer/data analyst — (astro)physicist

..2008 to 2019 LIGO
(Laser Interferometer
Gravitational-wave

Observatory)
.. PhD: UMich 2014 (Physics)

+ postdocs:

1. AEl Hannover 2015/2017

2. Monash 2018/2019

3. XCP-8 2019/2020 GDM at LIQO H'anford Observgtory,
o 2011, procuring optical table extensions

. ISR-3 Scientist (Dec 2020-)  for quantum-vacuum squeezer

Kip/Rai/Barry’s 2017 Nobel was great, ... “new era of astronomy”
but ground-based GW science only part of astrophysical spectrum



Introduction

> ‘40000 foot' summary ~ more like ‘orbital’ summary

Telescopes see light from stars + hot matter (EM radiation)

LIGO sees light (w/ interferometer),
— imprints GW signal from black holes (or neutron stars)

LISA like LIGO, but in space & BIGGER,
— bigger, slower GW signals from bigger black holes
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Introduction

The story so far

LANL has no [official] LIGO group, but

some adjacent research benefits program!

Dingus (P), Fryer (CCS), Fontes (XCP), Li (T),
Mottola (ex-T), Vestrand (ISR-2), Wozniak (ISR-2),
recently + Biwer, Bowen, De, Salvesen, GDM, et al

The Lab could have played a larger role in first detection

(otherwise | would've gravitated to LANL sooner!)

— Issue: recruiting + expertise/capability (like Mars attracts people)

— Pillar: Science of Signatures [Space]

— Pillar: Information, Science, & Technology [Data Science/Computing]

Now is the time to make use of our (currently unfunded)
LISA Consortium membership
— Here’s how we do that
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What is a Gravitational Wave (GW)?

Definition
Oscillations in the metric of space (> 50 mergers seen to-date)

LIGO Hanford Observatory: GW150914
| T

whitened h(t)

i

o
=]
5]
=)
=)
o
=]
=)
]

t (ms)

What we woke up to one Monday (credit: LIGO Scientific Collaboration)
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What is a Gravitational Wave (GW)?

(credit: Simulating Extreme Spacetimes [SXS])



What is a Gravitational Wave (GW)? Spectrum

The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei

7
[ . .
E Compact Binaries in our
= Galaxy & beyond
o
(%] Compact objects
captured by Rotating NS,
Supermassive Black Supernovae
Holes « >
wave period 8% o
p years hours sec ms

universe

log(frequency) -16 -14 12 10 -8 6 4 2 0 +2
— « > B —
Cosmic microwave Pulsar Timing Space Terrestrial
background Interferometers  interferometers
polarization

Detectors

Like light: many \/f windows (credit: NASA Goddard Spaceflight Center)ig;a1



What is a Gravitational Wave (GW)? Spectrum
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Pulsar-timing/LISA/LIGO sensitivity (credit: C. Moore, R.

Cole, C. Berry)
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What is a Gravitational Wave (GW)? Sources

Transient Persistent

Modeled
Coalescence Continuous

Unmodeled ~
Burst Stochastic

Credits: AEI, Penn State (C. Reed), NASA, LIGO (B. Berger) 12/41




What is a Gravitational Wave (GW)? Sources

Phase modulation for long-duration GWs (simplified illustration)

= unmodulated data
160[| == phase-modulated data

— unmodulated data
== phase-modulated data

Amplitude [-]

Amplitude Spectral

0 2 4 6 8 10 0.0 0z 04 0.6 0.8 1.0
Time [s] Frequency [Hz]

Roemer/Doppler effect from orbit in time & Fourier domains

— HPC/data-science challenge
(sub-field where | worked most: no detection yet,
but blinded data challenges prove we have the technology) 1341




What is a Gravitational Wave (GW)? Sources

Strain (10~%)
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— Numerical relativity
I Reconstructed (template)

— Black hole separation
=== Black hole relative velocity

111 1
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Time (s)

(‘Observation of
gravitational waves
from a binary
black-hole merger’,
LVC, Phys Rev Lett
116 (2016) 061102)
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What is a... (GW)? General Relativity

Wave equation from Einstein: perturbation h,, to metric g,

Phase (rad)
Polarization 0 /2 i 3n/2 2n
- at uy — 87T T,uy (axes)

ny (a)

xR

(b)
Jr ><

3

Ly ©

oooo
L

h
0
L, @

ei(ku X“+¢o
L, (e)

— o oo

L, ®

6 theoretical polarizations:

conservation allows only (a) & (b) [+ & X]
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What is a... (GW)? Observatories

Infer h(t): measure phase ¢ between times-of-flight T , (laser w),

b=w(Ty - T) =w /0 B X(O) + 1 (Y1) gy

End test|

mass Y
(ETMY)

Ly

Input test

Input test End test
mass X

mass X
Pre-stabilized (ITMX) (ETMX)
laser (PSL)

1064 nm

20W  Recycling
NA:YAG |2

mirror

(RM)

spitter
(BS)

'
i

Bl Pick-off beam

Interferometer readout

Initial LIGO (1997/2010): Michelson interferometer w/ Fabry-Perot arms 1541



What is a... (GW)? Observatories

Amplitude modulation as Earth rotates (illustration)

Z-axis
o

0.5

1 - Y-axis

X-axis

AM: ‘Antenna’ response, h, pol., 0 Hz (credit: M. Rakhmanov)
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What is a... (GW)? Observatories

3 Hanford, WA

Livingston, LA =«

g
i 3
g
Nl &
)
Power 5
Recycling "~ - -
;'::;: Photodetector

Advanced LIGO: Hanford & Livington (credit: S. Larson, Northwestern Uy,



What is a... (GW)? Observatories

Overlooking X-arm, LIGO Hanford (credit: C. Gray) 19/41



Where LISA fits in

Impressions

¢ Interferometric GW ideas go back to 1960s
Glasgow/Hughes Lab/MIT/Moscow State;
First bar detector late 1950s, Joe Weber [Maryland]

¢ Bigger = (except at high f) better
¢ Biggest: go to SPACE!
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Where LISA fits in

JPLs original plan: 5 Gm, launch ~ 2015. Credit: NASA/JPL
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Where LISA fits in

That got cancelled in 2011,... but then ESA stepped in —

selected for L3 misson (2034) in 2017
(following LIGO and LISA Pathfinder)

NASA back onboard
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Where LISA fits in

LISA

Laser Interferometer Space Antenna

Funded 2017 ESA proposal. Credit: NASA/Simon Barke 23/41



Where LISA fits in

Advanced LIGO | LISA
Arm length 4 km 2.5Gm
Laser power ~ 125 W ~1W
Interferometry Michelson Time-Delay
Resonant Arms Fabry-Perot (none)
Recycling Power+Signal (none)
Squeezing ~ 3dB (none)
Spectral band ~10—-2000Hz | ~ 0.1 — 100 mHz

Other than being in space,
LISA is a safe, robust design
(All that extra stuff is low-hanging fruit for the next-gen)
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Where LISA fits in

Optical bench in drag-free satellite. Credit: Max Planck/Milde/Exozet
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Where LISA fits in

3 arm-pairs — polarization. Credit: Max Planck/Milde/Exozet



Where LISA fits in

Satellites (trianqular formation) in heliocentric orbit. Credit: ESA 27741



Where LISA fits in

Seem ambituous...

is it technologically ready?
YES
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Where LISA fits in

LISA Pathfinder, launched 2015. (Credit: ESA, C. Carreau)



Where LISA fits in

T T T H T T
10-131 LISA. Pathfinder
Requirements
)
N
g
N\
Im 10414 |
g April 2016
N \/ \#|
L v "’VL/“\J\
=4 ATl
0
10_15 | February 2017
1 1 1 1
1073 1072

10-°
Frequency [Hz]

Success! Credit: ESA, c.f., Fig 1, Armano et al, PRL 120, 061101 (2018)
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Why LISA benefits LANL

— Issue: recruiting + expertise/capability (like Mars attracts people)
— Pillar: Science of Signatures [Space]
— Pillar: Information, Science, & Technology [Data Science/Computing]
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Why LISA benefits LANL

Placing LISA in a larger context

GRACE Follow-on (geodesy mission)

Tianqgin (possible white-dwarf detection, 2020s)

Past LANL-NASA partnerships (e.g., ChemCam) of similar scale
Need to build pipeline into Lab

* Open science expertise key to skill/capability development
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How you can get involved

I!I SA

CONSORTIUM

Sign up! Telecons & emails for all! Credit: LISA Consortium
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How you can get involved: right now

-19
n 10

Instr. noise

~— Verification binaries
Full Galaxy

— MBHBs
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Time [days]

Simulated dataset w/ signals. Credit: LISA Data Challenge, C. Cavet
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How you can get involved: right now

150 200
Time [days]

Periodogram of simulated data. Credit: LISA Data Challenge, C. Cavet
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How you can get involved: the future
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Inflation/strings. Credit: Fig. 1, Smith et al, arXiv:astro-ph/0506422v2 34,41



How you can get involved: the future

Ecliptic
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12 sats in 3 sets. Credit: Fig. 3, Folkner & Seidel, Space 2005, p. 6711.
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How you can get involved: the future

107" T T T T

—Initial LIGO

= --Advanced LIGO

—Einstein Telescope
AURIGA/ALLEGRO/NAUTILUS
LISA

—DECIGO
BBO

-|—Pulsar Timing Array (Currant)

- - -Pulsar Timing Array (SKA)

amplitude spectral density (strain Hz""z}

10~ 107° 107 107 0’ 3 5
Frequency (Hz)

Beyond LIGO/LISA! Credit: Fig. 1, Liv. Rev. Rel. 14 (2011) 5, Pitkin et al.
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How you can get involved: the future
LANL people already involved/interested

e Chris Fryer (CCS-2),
organizer for Center for Theoretical Astrophysics,
LISA point of contact
¢ Robert Hill (ISR-2),
interested in galactic structure
e Jarrett Johnson (XTD-DO),
earliest black-hole (BH) formation
e Alexander Kalterborn (CCS-2),
researching white dwarf-neutron star waveforms,
e Hyun Lim (CCS-2),
modeling binary white dwarf background & IMBH waveforms,
e GDM (ISR-3), listening on calls, planning data analysis strategy,

e .. and soon others
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How you can get involved: the future

Fundi NQ ... is the biggest obstacle

¢ Planning LDRD-ECR next year
e |LDRD-ER or -DR reasonable in next few years

e CSES has funding for proposal development
(point of contact: Lisa Danielson)

¢ NASA LISA Preparatory Science Program grants
next due date: December 15 (c.f., ROSES-2020)
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Conclusion

Let’s work together!

e LISA is the next generation of (GW) astronomy
e LANL needs to attract & retain talent w/ public-facing science
¢ |SR can gain skills: data in LISA, instrument in BBO
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